n 



(19) 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(43) Date of publication: 

20.03.1996 Bulletin 1996/12 

(21) Application number: 95306079.5 

(22) Date of filing: 31.08.1995 



(n) EP 0 702 466 A2 

EUROPEAN PATENT APPLICATION 

(51) Int CIA H04L 5/06 



(84) Designated Contracting States: 


(72) Inventors: 


DE FR GB 


• Kamerman, Adriaan 


(30) Priority: 14.09.1994 GB 9418514 


NL-3437 HP Nieuwegein (NL) 


• Krishnakumar, Anjur S. 




NL-1405 AT Bussum (NL) 


(71) Applicant: AT&T GLOBAL INFORMATION 


SOLUTIONS INTERNATIONAL INC. 


(74) Representative: Robinson, Robert George 


Dayton, Ohio 45479 (US) 


International Intellectual Property Department 




AT&T GLOBAL INFORMATION SOLUTIONS 




LIMITED 




915 High Road 




North Finchley 




London N12 8QJ (GB) 



(54) Reduction of peak to average power ratio for OFDM 

(57) A system for transmitting information over an 
OFDM channel using phase shift keying encoding em- 
ploys a bit mapping encoder to reduce the crest factor 
(ratio of peak voltage to RMS voltage). Fora 16 subchan - 
nel OFDM system using QPSK encoding, a first set of 
four symmetrically positioned pairs of subchannels is 
used to encode two bits of information on each subchan- 
nel. A second set of four symmetrically positioned pairs 
of subchannels is used to encode only one bit of infor- 
mation on each subchannel, with the resultant phasor for 
each pair of the second set of pairs of subchannels being 
orthogonal to the resultant phasor for one of the pairs of 
the first set of subchannels. With this arrangement, the 
crest factor is reduced. 
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Description 



This invention relates to the transmission of informa- 
Uon. The mvent.on has a particular application to the field 
of h,gh speed digital wireless communications 

Various techniques are known for transmitting infor- 
mation us.ng frequency modulation. The technique 
known as OFDM (orthogonal frequency division ml- 
Plexmg) has certain advantages, particularly for wireless 
communications wherein impairments resulting from 
multipath propagation, such as in indoor environments 
are experienced. An OFDM system is described for ex- 

rnt%olf EE Transac,ions on Communications, Vol 
COM-33, No. 7, July 1985, pages 665-675. L.J. Ciminr 
Analysis and Simulation of a Digital Mobile Channel Us- 
ing Orthogonal Frequency Division Multiplexing". In an 
OFDM system signals are transmitted simultaneously 
over a plurality of subchannels. 

An OFDM system makes efficient use of bandwidth 
since the spectra of the individual subchannels are per- 
mitted to overlap, with the spectra of the individual 
subchannels being zero at the other subcarrier frequen- 
cies. Also, the subcarrier frequencies are separated by 
multiples of the inverse of the signalling interval so that 
coherent detection of a signal element in any one 
subchannel gives no output fora received element in any 

SI"? h f nne ' ° nS advan,a9S of an OF °M system 
is that modulation and demodulation can be effected us- 
ing discrete Fourier transform procedures, enabling a 

ha an OFDM nSf T m l ° 1° ^ " Wi " be plated 
? ySt8m ' S b3Sed ° n ,he m ^ulation of in- 
dividual subcarners and summation of these modulated 
subcarners. This enables a high data rate to be 
achieved while the modulation rate per subcarrier is low- 
er and allows more delay spread without the use of ac- 
curate equalisation. 

In one form of OFDM system, signals are encoded 
for transmission over the OFDM subchannels. Typically 
such coding involves a phase-significant component An 
example is PSK (phase shift keying) coding 

When information is transmitted over radio frequen- 
ces, an RF (radio frequency) power stage is utilized An 
important parameter in connection with transmission at 
such frequencies is the crest factor. By the crest factor 
of a signal ,s meant the ratio of peak voltage to the RMS 
(root mean square) voltage. For an RF system this cor- 

hinh F ° r an ° FDM s * siem us, n9 PSK, the crest factor is 

»TJ'T 7 ! 6XiStS the P ° SS,bili, y ,hat the ^dividual 
amplitudes of the OFDM subchannels can all make a 
posit.ve con.r.bution if they all have the same phase In 
this connection, it will be appreciated that the average 
power of the combined subchannels is calculated using 
power summation because of the independence of the 
individual subchannel signals. 

A high crest factor has the disadvantage that the out- 
put RF power stage has high design requirements in or- 



der to ensure correct operation having regard to signal 
compression, clipping and other degradation. A further 
disadvantage is that a high crest factor may more readily 
lead to peak output power levels which exceed officially 
prescnbed limits, e. g.. for the United States, levels spec 

rtgullnf Federal C — Ca,i - Commission, 
Accordingly, it is an object of the present invention 
10 ofdT V me l h0d ° f ,ransmi,tin 9 information in an 
tested ' in ab ° Ve disadvanta 9es are al- 
According to one aspect of the present invention 
there is provided a method of transmitting information 
over an OFDM channel including a plurality of OFDM 

It?™ 15 ' ? araC,eri26d * the ^ * determine g 
a phasor axis for each pair of a firs, set of pairs of sym 
metrically positioned subchannels of said OFDM 
subchannels, the determination being dependent on the 
20 ' n '° rmat,0n to be transmitted over that subchannel pair 
de^mming a phasor axis for each pair of a second set' 
npn 7 ° f K Symme,rica,, y Positioned subchannels of said 

2£ * , annSlS ' ,he determin <* Phasor axis being 
dependent on information to be transmitted and beinq 
orthogonal to the phasor axis of one of said first set of 
pairs of subchannels; and transmitting signals depend- 
ent on the determined phasor axes over said OFDM 
subchannels. 

According to another aspect of the present invention 
here ,s provided an apparatus for transmitting informa- 
*» t,on over an OFDM channel including a plurality of OFDM 

21dT^ S 't CharaCterized b V bit mapping means 
adapted to determine a phasor axis for each of a first set 
of symmetrically positioned subchannels of said OFDM 
subchannels in dependence on the information to be 
transmitted over that subchannel pair and to determine 
a phasor axis for each pair of a second set of pairs of 
symmetrically positioned subchannels of said OFDM 
subchannels in dependence on information to be trans- 
40 f d !"° h 88 ,0 be orth °9onal to the phasor axis 

ofoneofsaidfirstpairsofsubchannels.andtransmitting 
means adapted to transmit signals having the deter 
m.ned phasor axes over said OFDM subchannels 

Two embodiments of the present invention will now 
be described by way of example, with reference to the 
accompanying drawings, in which: - 



so 



ss 



Fig. 1 ^ a block diagram of a transmitter unit accord- 
ing to a first embodiment of the invention; 

Fig. 2 is a block diagram of a bit mapper utilized in 
the transmitter unit shown in Fig. 1 ; 

Fig 3 is a block diagram of a receiver unit according 
to the first embodiment of the invention; 

F'9- 4 is a block diagram of a bit mapper utilized in 
the receiver unit shown in Fig. 3, 
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Fig. 5 is a diagram of a portion of the transmitter unit cuits 54, shown individually as phasor determinator cir- 

shown in Fig. 1 , in accordance with a modification cuits 54-1 , 54-2, 54-3 and 54-4. As can be seen from Fig. 

of the first embodiment of the invention; 2, two pairs of the lines 16 are connected to the phasor 

determinator circuit 54-1 , two pairs to the phasor deter- 
Fig. 6 is a diagram of a portion of the receiver unit s minator circuit 54-2, two pairs to the phasor determinator 
shown in Fig. 3, in accordance with the modification circuit 54-3 and two pairs to the phasor determinator cir- 

of the first embodiment of the invention; cuit 54-4. Remembering that each bit pair (dibit) corre- 

sponds to a phasor component., the two bit pairs applied 
Fig. 7 is a block diagram of a transmitter unit accord- to each phasor determinator circuit are represented by 

ing to a second embodiment of the invention; 10 two phasor components. These two phasor components 

are selected to correspond to symmetrically positioned 
Fig. 8 is a table illustrating phasor combinations subchannels in the OFDM system. That is, if the sixteen 
helpful in understanding the operation of the second subchannels making up the OFDM system are identified 
embodiment of the invention; as subchannels 0, 1,2, 15 represented by frequen- 
ts cies f 0 .^i ^2> Us> tnen subchannel No. 0 is paired with 

Fig. 9 is a block diagram of a bit mapper utilized in subchannel No. 15: subchannel No. 1 is paired with 

the transmitter unit shown in Fig. 7; subchannel No. 14, etc. In general terms, subchannel 

No. k is paired with subchannel No. 15-k. The phasor 
Fig. 10 is a block diagram of a receiver unit accord- determinator circuits 54 each determine a resultant 

ing to the second embodiment of the invention; and 20 phasor, which is the resultant of the vector addition of the 

two phasor components. Since, for QPSK encoding, the 
Fig. 1 1 is a block diagram of a bit mapper utilized in phasor of a bit pair has a value m*jr/2 ; where m = 0, 1 , 

the receiver unit shown in Fig. 10. 2 or 3, then the resultant phasor has a phase X*k/4 

where X=0, 1, 2, ...7. 

Referring first to Fig. 1, there is shown a simplified 25 The phasor determinator circuits 54 have output 
block diagram of a first embodiment of a transmitter unit lines 56, referred to individually as output lines 56-1, 

10 of a 24 Mbps data transmission system adapted to 56-2, 56-3 and 56-4, connected to respective phasor to 

transmit data over a 1 6-subchannel OFDM/QPSK chan- two-phases converter circuits 58, referred to individually 

nel, that is, a 16 subchannel OFDM system using quad- as phasor converter circuits 58-1,58-2,58-3 and 58-4. 

rature phase shift keying for encoding. It will be appreci- 30 Also applied to the phasor converter circuits 58 are re- 
ated that QPSK encoding has a phasor (phase vector) spective pairs of lines 60-1 , 60-2, 60-3 and 60-4 of the 

component which has one of four values, 0°, 90° , 180° eight single lines 18, representing bit pairs for a further 

or 270°, in accordance with a bit pair value, sometimes four subchannel pairs of the OFDM system. Each phasor 

referred to as a dibit. Incoming data to be transmitted is converter circuit 58 is arranged to provide outputs on two 

applied in serial form on a line 1 2 to a serial-to-parallel 35 pairs of lines. Thus the phasor converter circuit 58-1 pro- 
converter 14. The 24 output lines of the serial-to-parailel vides outputs on two line pairs 62-1 ; the phasor converter 
converter 14 are arranged as eight paired lines 16 and circuit 58-2 provides outputs on two line pairs 62-2; and 
eight single lines 1 8, the lines 1 6 to 1 8 being coupled to similarly for the phasor converter circuits 58-3 and 58-4, 
a bit mapper 20, the operation of which will be described which provide outputs on the two line pairs 62-3 and 
hereinbelow. 40 62-4, respectively. 

The output of the bit mapper 20 is arranged as eight It should be understood that each phasor converter 

paired lines 22 and eight paired lines 24, all 16 paired circuit 58 is arranged to provide an output representing 

lines being applied to a QPSK encoder block, consisting two phasor axes which ; if combined by vector addition, 

of 16 individual QPSK encoders (not shown) coupled represent a phasor which is orthogonal to the phasor rep- 

over 16 lines 28 to an inverse Fourier transform circuit 45 resented on the relevant input line 56-1 to 56-4, that is, 
30, which provides an output over a line 32 to an RF orthogonal to the phasor determined by the relevant 

transmitter output stage 34 which feeds an antenna 36. phasor determinator circuit 54-1 to 54-4. Also, for each 

The inverse FFT circuit 30 operates in known manner phasor converter circuit 58 the two output phasors are 

with sampling at once per 62.5 nanoseconds, corre- again associated with symmetrically located subchan- 

sponding to a symbol time interval of 1 000 nanoseconds 50 nels in the OFDM system, in the manner described here- 
(1 microsecond). The RF transmitter output stage 34 in- inabove. 

eludes conventional means for upconversion from base- The theoretical explanation for the reduction in crest 

band to RF, filtering and amplification. factor obtained by the described system is briefly as fol- 

Referring now to Fig. 2, there is shown a block dia- lows. For a single OFDM symbol interval, the result of 

gram of the bit mapper 20. The eight paired lines 1 6 are 55 adding up signals of a symmetrically positioned pair of 
connected directly via node 51 , as eight paired lines 52 subchannels having centre of symmetry co can be repre- 

to the QPSK encoder 26. The eight paired lines 16 are sented by the product of a fixed phasor and a (corn- 

also connected to respective phasor determinator cir- plex -valued) carrier frequency factor; 
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where (eia+e*) is the phasor. Another pair of symmetri- 
cally positioned subchannels with the same centre of 
symmetry co but a different distance from the centre 
(A<d 2 *Aco) having a phasor orthogonal to the first phasor, 
results in a limitation in amplitude of the signal composed 
of the two symmetrically positioned pairs during an entire 
symbol interval. In this manner, it is seen that a crest fac- 
tor reduction for an OFDM channel composed of a plu- 
rality of subchannels is achieved. 

In summary, it will be appreciated that of the 16 
subchannels in the OFDM system, four symmetrically 
positioned pairs of subchannels (those corresponding to 
the inputs to the phasor determinator circuits 54) can be 
freely chosen, and are conveniently referred to as un- 
conditioned pairs. The remaining four symmetrically po- 
sitioned pairs of subchannels corresponding to the sig- 
nals on the outputs of the phase converter circuits 58, 
are partially dependent on the output of the phasor de- 
terminator circuits 54, that is to say, partially dependent 
on the phasor pairs applied from the phasor determinator 
circuits 54, and partially dependent on the data bits ap- 
plied over the lines 60-1 to 60-4, respectively. Thus these 
remaining four symmetrically positioned pairs of 
subchannels are conveniently referred to as conditioned 
pairs. 

Thus, it will be appreciated that, for the four uncon- 
ditional pairs, eight bit pairs, that is, 1 6 bits of information 
are represented, whereas for the four conditioned pairs 
only four bit pairs, that is, eight bits of information are 
represented, because of the phasor orthogonality condi- 
tion. In total, it is seen that 24 bits of information are rep- 
resented in the system. 

It will be appreciated that circuitry included in the bit 
mapper 20, that is, the phasor determinator circuits 54 
and the phasor converter circuits 58 can readily be im- 
plemented by processor logic circuits, or, preferably by 
means of look-up tables (LUTs) which are accessed in 
sequence for the different channel pairs. 

Referring now to Fig. 3, there is shown a simplified 
block diagram of a jeceiver unit 80 for receiving and de- 
coding data transmitted by the transmitter shown in Fig. 
1 . The receiver unit 80 includes an antenna 82 which re- 
ceives the incoming RF signals a nd passes them to an 
RF receiver input stage 84, the output of which is coupled 
to a Fourier transform circuit 86 which consists of 16 in- 
dividual FFT circuits (not shown), and provides outputs 
on 1 6 lines 88 connected to a QPSK decoder 90. The 
RF receiver input stage 84 includes conventional means 
forpreamplification, gain control, filtering and down-con- 
version from RF to baseband. 

The QPSK decoder 90 provides, in known manner, 
outputs on eight paired lines 92 and eight paired lines 94 
representing the respective sixteen bit pairs transmitted 
over the OFDM system. The lines 92 and 94 are coupled 
to a bit mapper circuit 96 (to be described) which pro- 
vides outputs on eight paired lines 98 and eight single 
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lines 100, all 24 lines 98, 100 being coupled to a paral- 
lel-to-serial converter 102 which provides a serial-by- bit 
oujputsi gnal on a line 10 4, representing the 24 bits trans- 
mitted over the 16 OFDM subchanne ls of the system. 

Referring next to Fig. 4, there is shown a block dia- 
gram of the bit mapper 96 shown in Fig. 3. It should be 
understood that the eight pairs of output lines 92 corre- 
spond to the four unconditioned pairs of subchannels 
discussed hereinabove in relation to the transmitter 10 
of Fig. 1 , and the eight pairs of output lines 94 correspond 
to the four conditioned pairs of subchannels. The lines 
92 are connected to a node 110 which is directly con- 
nected to the eight pairs of output lines 98. The node 1 1 0 
also connects the eight pairs of lines 94, as two pairs of 
lines to respective phasor determinator circuits 112, re- 
ferred to individually as phasor determinator circuits 
112-1, 112-2, 112-3 and 112-4, which provide signals 
representing the determined phasors on output lines 
114-1, 114-2, 11 4-3 and 114-4 respectively. 

The remaining eight pairs of output lines 94 of the 
QPSK decoder 90, representing the conditioned pairs of 
channels, are connected to a node 116 which connects 
to respective input line pairs of four further phasor deter- 
minator circuits 118, referred to individually as phasor 
determinator circuits 118-1, 118-2, 118-3 and 118-4, 
which provide signals representing the determined 
phasors on output lines 120-1, 120-2, 120-3 and 120-4, 
respectively. These output lines, together with the output 
lines 114-1 to 114-4 of the phasor determinator circuits 
112, are applied to phase check and bit reducer circuits 
122, referred to individually as circuits 122-1, 122-2, 
122-3 and 122-4, respectively. These circuits 122 also 
receive the signals corresponding to the four pairs of 
conditioned channels from the node 116. The phasor 
check and bit reducer circuits 122 utilize the phasor in- 
formation from the phasor determinators 112 and 118 
both to verify the orthogonality of the respective phasor 
pairs, introduced at the transmitter 10, and also to deter- 
mine the significant eight bits of information encoded on 
the four conditioned subchannel pairs. These eight bits 
of information, two for each of the circuits 122, are pro- 
vided on the eight output lines 100. 

In summary, there has been described, with refer- 
ence to Figs. 1 to 4, a 16-subchannelOFDM/QPSKdata 
transmission system wherein it is found that a crest factor 
reduction of about 3 dB can be achieved, at the expense 
of a reduction in the bit rate from 32 Mbps to 24 Mbps. 
This is effected by arranging the 16 OFDM subchannels 
as eight symmetrically positioned pairs (corresponding 
to frequencies f 0 ,f 15 ; f 1t f 14 ; f 2 ,f 13 etc), wherein four pairs 
of subchannels (unconditioned subchannels) can en- 
code 16 bits (two bits per subchannel) and the data for 
the remaining four pairs of subchannels (conditioned 
subchannels) is partially dependent on the data on the 
four unconditioned subchannel pairs, to provide the 
above-described phase orthogonality relationship, 
thereby reducing the crest factor. With this restriction, the 
number of data bits which can be coded onto the four 
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conditioned subchannel pairs is restricted to only eight 
bits (one bit per subchannel). 

A modification of the above-described system will 
now be described, with reference to Figs. 5 and 6. With 
this modification an additional crest factor reduction can 
be achieved. In this modification, the transmission sys- 
tem is essentially the same as the transmission system 
shown in Fig. 1, except that a phase offset device 140, 
Fig. 5, is provided, which effects a 90° phase shift of the 
middlemost (central) pair of OFDM subchannels (corre- 
sponding to frequencies f 7 and f 8 ), with respect to the 
next middlemost pair of OFDM subchannels (corre- 
sponding to frequencies f 6 and f 9 ). It is found that with 
this 90° phase compensation a further crest factor re- 
duction, of about 0.25 dB, can be achieved. With refer- 
ence to Fig. 5, the receiver for the modified embodiment 
is essentially the same as the receiver shown in Fig. 3, 
except that a phase offset compensation device 1 50 is 
connected to compensate for the 90° phase offset of the 
middlemost pair of subchannels, with respect to the next 
middlemost pair of subchannels. 

A second embodiment of the invention will now be 
described with reference to Figs. 7 to 11. The second 
embodiment employs generally the same system ele- 
ments as the first embodiment. Thus, referring to Fig. 7 
the transmitter unit 210 of the second embodiment is 
seen to resemble the transmitter unit 10 of the first em- 
bodiment, illustrated in Fig. 1, corresponding elements 
having the same references, with an initial digit 2 inserted 
in Fig. 7. The second embodiment enables the bit rate 
to be increased, from 24 Mbps to 26 Mbps without af- 
fecting the crest factor reduction achieved in the first em- 
bodiment. The important difference between the trans- 
mitter 210 (Fig. 7) and the transmitter 10 (Fig. 1) is that 
the bit mapper 220 is of different construction from the 
bit mapper 20. The remaining elements shown in Fig. 7 
are essentially the same as the corresponding elements 
of Fig. 1. 

It will be appreciated that, within the four uncondi- 
tioned pairs of subchannels, the phasor axes may be 
represented as A, B, C or D, having the respective values 
n*7t/4 (where n=0, 1,2,3). Within the conditioned pair of 
subchannels, phase compensation is effected by making 
the number n c of phasor axes C equal to the number n A 
for A, and the number n D for D equal to the number n B 
for B. 

Thus for the unconditioned and conditioned pairs to- 
gether, the requirement is that n A = n c and n B = n D . This 
offers an opportunity to encode additional data bits. For 
example, if the four unconditioned pairs correspond to 
ABAC, then the four conditioned pairs should corre- 
spond to a pattern with at least one C and one D and the 
remaining two phasors could correspond to A and C or 
B and D, and using this redundancy any permutation of 
these is permissible. 

If it is assumed that the four unconditioned pairs do 
not have identical phasor axes (i.e. they are not all A's, 
B's, C's or D's), then there exist, for the four conditioned 



pairs, at least four acceptable permutations (and in gen- 
eral, significantly more than four). This means that the 
limitation for the four conditioned pairs can be changed, 
such that a bit rate corresponding to 8*2+8*1+2 that is, 
s 26, or two additional bits can be achieved, as compared 
with the first embodiment. If the four conditioned pairs 
do correspond to equal phasor axes (i.e. they are four 
A's, four B's, four C's or four D's) then a mapping is ef- 
fected to enable four permutations by mapping say four 
10 A's into ABCD and transmitting ABCD instead of AAAA 
on the four unconditioned pairs of subchannels. On the 
four conditioned pairs of subchannels, a selected one of 
the four permutations shown in the right hand column of 
Fig. 8 (ABCD) is transmitted, in accordance with the two 

15 additional bits being encoded. Also, if a "genuine" ABCD, 
for example, is to be transmitted over the unconditioned 
subchannels, then different permutations (DCBA etc) 
are chosen in accordance with the additional two bits be- 
ing encoded, as shown in the fifth row of Fig. 8. 

20 Referring now to Fig. 9, there is shown a diagram of 
the bit mapper 220 (Fig. 7), embodying the principle il- 
lustrated by the Table of Fig. 8. As an aid to clarity, the 
diagram of the bit mapper 220 has been simplified as 
compared with the bit mapper 20 shown in Fig. 2, by 

25 omitting some of the individual connnections. It will, of 
course, be appreciated, that in the second embodiment, 
the serial-to-parallel converter 214 operates on 26 bits 
instead of 24 bits and has output lines 216 arranged as 
eight pairs, output lines 21 7, representing two (addition- 

30 al) individual lines, and eight output lines 218. 

The eight pairs of lines 216 are applied to a node 
250 which is connected to a phasor determinator 252 
which determines four phasor axes (selected from A, B, 
C and D, referred to above) for four respective symmet- 

35 rical unconditioned pairs, as in the first embodiment. The 
output of the checker and mapper circuit 254 is also ap- 
plied to a phasor permutation selector 256, which selects 
an appropriate one of the four permutations shown in the 
last column of Fig 8. in accordance with the bit pair ap- 

40 plied over the line pair 217. It will be appreciated that if 
a "genuine" ABCD combination, for example is present 
on the four unconditioned pairs, then different permuta- 
tions are selected (compare for example, the first and 
fifth rows of Fig B) The output of the phasor permutation 

45 selector 256 is applied to a phasor to two phases con- 
verter 258 which operates in a similar manner to the con- 
verter 58 shown in Fig 2 to provide the output phasors 
for the four conditioned subchannel pairs to the QPSK 
encoder 226 The node 250 is also connected to a 

50 phasor/bit mapper circuit 260 which either transmits the 
phasor bits directly to the QPSK encoder 226, or if the 
phasors correspond to an entry in the first column of Fig. 
8, effects a mapping to the corresponding entry in the 
second column of Fig. 8. prior to transmission to the 

55 QPSK encoder 226. 

Referring now to Fig. 10 there is shown a block dia- 
gram of the receiver unit 280 for the second embodiment. 
Again, the various elements thereof corresponding to el- 
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ements shown in Fig. 3 are identified by (he same refer- 
ences, with an initial 2 (or 3) digit. The elements shown 
m F.g. 10 are essentially the same as corresponding el- 
ements in Fig. 3, except that the construction of the bit 
mapper 296 differs from that of the bit mapper 96 

Referring to Fig. 1 1 , there is shown a block diagram 
of the bit mapper 296. The lines 292 are connected to a 
node 350 which is coupled to a phasor determinator 352 
These hoes correspond to the four unconditioned 
subchannels in the OFDM system. The phasor determi- 
nator 352 determines the corresponding phasor informa- 
tion, represented as phasors A, B, C, or D. The lines 294 
are connected to a node 354 which is coupled toa phasor 
determinator circuit 356 which determines four phasor 
axes for the four respective symmetrically positioned 
conditioned subchannel pairs. The outputs of the phasor 
determinator 352 are applied to a special phasor pattern 
detector 358, which checks for the presence of the par- 
ticular patterns in the second column of Fig 8 The pat- 
tern detector 358 and phasor determinator 356 are con- 
nected to a phasor conversion table circuit 360 which 
implements appropriate phasor conversions (mappings) 
in accordance with the Table of Fig. 8 when the special 
patterns are detected. 

The node 350 is connected to a phasor/bit mapper 
circuit 362 which is coupled to the output lines 298 and 
the node 354 is connected to a phasor/bit mapper circuit 
364 which is coupled to the output lines 300 If the special 
patterns are detected then appropriate phasor conver- 
sion is made in the phasor/bit mapper circuits 362 and 
364 m accordance with Table of Fig. 8, such that the cor- 
rect output signals are applied to the lines 298 and 300 
If the special patterns are not detected in the detector 
circuit 358, then the phasor/bit mapper circuit 362 (for 
the unconditioned subchannels) passes the output of the 
QPSK decoder 290 on the lines 292 directly to the output 
lines 298, whereas the phasor/bit mapper circuit 364 (for 
the conditioned subchannels) passes eight bits (as is the 
. first embodiment) plus two bits in dependence on the 
particular permutation detected (last column of Fig 8) 
As for the first embodiment, the bit mappers of Figs 
9 and 11 for the second embodiment can be implement- 
ed by digital signal processing circuitry. An alternative 
implementation is in the form of LUTs (look-up tables) 
which may be accessed in sequence for the respective 
channel pairs. 

It will be appreciated that the bit mapping procedure 
utilized in the second embodiment takes advantage of 
the redundancy inherent in the 16-subchannel OFDM 
system utilized in the first embodiment wherein only 24 
bits are transmitted in a symbol interval as compared 
with a total of 32 bits which could be transmitted over a 
16-subchannel OFDM system using QPSK encoding 
Th.s redundancy enables an increase in the bit rate from 
24 to 26 bits per symbol interval. By using more complex 
mapping schemes, it would be possible to further in- 
crease the achievable bit rate, while maintaining crest 
factor reduction. 



The bit mapping schemes used in both the first and 
second embodiments derive phasor information from the 
brts that correspond to symmetrically positioned pairs of 
subchannels. This phasor information has to satisfy pre- 
scribed patterns in order to achieve the crest factor re- 
duction as described hereinabove. It will be appreciated 
that this requirement with regard to phasor patterns can 
be utilized for error detection and correction schemes 
Although the described embodiments utilize a 
io 16-subchannel OFDM system with QPSK encoding it 
will be appreciated that it is within the scope of the in- 
vention to utilize OFDM systems with a different number 
of subchannels, e.g. 32-subchannelOFDM. and to utilize 
different forms of encoding such as BPSK (binary phase 
" shift keying) or 8PSK (eight phase shift keying), for ex- 
ample. 

In summary, the present invention enables a reduc- 
tion ,n the crest factor (ratio of peak-envelope-voltage to 
mean (RMS) voltage, in an RF system), at the expense 
of only a limited bit-rate reduction. Furthermore the im- 
plementation is relatively simple. For example, look-up 
tables of small size can be utilized. The reduced crest 
factor lowers the design requirements of the power am- 
phfier in the RF transmitter output stage and may assist 
in complying with regulatory power level requirements. 

Claims 



30 1 • A method of transmitting information over an OFDM 
(orthogonal frequency division multiplexing) chan- 
nel including a plurality of OFDM subchannels char- 
acterized by the steps of: 

determining a phasor axis for each pair of a first set 
of pairs of symmetrically positioned subchannels of 
said OFDM subchannels, the.determination being 
dependent on the information to be transmitted over 
that subchannel pair; determining a phasor axis for 
each pair of a second set of pairs of symmetrically 
positioned subchannels of said OFDM subchannels 
the determined phasor axis being dependent on 
information to be transmitted and being orthogonal 
to the phasor axis of one of said first set of pairs of 
subchannels: and transmitting signals dependent on 
the determined phasor axes over said OFDM 
subchannels. 



A method according to claim 1 , characterized in that 
said step of transmitting includes transmitting sig- 
nals in a phase modulated format. 



so 



3. A method according to claim 2, characterized in that 
said step of transmitting includes transmitting sig- 
nals in QPSK (quadrature phase shift keying) for- 

55 mat. 

4. A method according to claim 3, wherein said OFDM 
channel includes sixteen OFDM subchannels, char- 
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acterized by the step of transmitting two bits of infor- 
mation over each subchannel of said first set of pairs 
of subchannels and transmitting one bit of informa- 
tion over each subchannel of said second set of 
pairs of subchannels. s 

5. A method according to claim 4, characterized by the 
step of utilizing predetermined phasor axis permu- 
tations on said second set of pairs of subchannels 

to represent additional information bits. 10 

6. Apparatus for transmitting information over an 
OFDM (orthogonal frequency division multiplexing) 
channel including a plurality of OFDM subchannels, 
characterized by bit mapping means (20,220) is 
adapted to determine a phasor axis for each of a first 

set of symmetrically positioned subchannels of said 
OFDM subchannels in dependence on the informa- 
tion to be transmitted over that subchannel pair and 
to determine a phasor axis for each pair of a second 20 
set of pairs of symmetrically positioned subchannels 
of said OFDM subchannels in dependence on infor- 
mation to be transmitted, and such as to be orthog- 
onal to the phasor axis of one of said first pairs of 
subchannels, and transmitting means 2s 
(26,30,34,36:226,230,234,236) adapted to transmit 
signals having the determined phasor axes over 
said OFDM subchannels. 

7. Apparatus according to claim 6, characterized in that 30 
said transmitting means includes phase shift encod- 
ing means (26,226) 

8. Apparatus according to claim 7, characterized in that 
said phase shift encoding means includes a QPSK 35 
(quadrature phase shift keying) encoder (26,226). 

9. Apparatus according to claim 6, characterized in that 
said transmitting means includes Fourier transform 
conversion means (30,230) coupled to an output of 40 
said QPSK encoder (26,226). 

1 0. Apparatus according to claim 9, characterized in that 
said transmitting means includes an RF transmitter 
(34,234) coupled to an output of said Fourier trans- 45 
form conversion means (30,230). 

1 1 . Apparatus for receiving information transmitted over 
apparatus according to any one of claims 6 to 10, 
characterized by receiving means so 
(82,84,86,90:282,284,286,290) coupled to bit map- 
ping means (96,290) adapted to convert the infor- 
mation received over the OFDM subchannels into 

the form in which it was applied to the bit mapping 
means (20,220) included in the transmitting appara- ss 
tus. 
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(54) Reduction of peak to average power ratio for OFDM 



(57) A system for transmitting information over an 
OFDM channel using phase shift keying encoding em- 
ploys a bit mapping encoder to reduce the crest factor 
(ratio of peak voltage to RMS voltage). For a 16 
subchannel OFDM system using QPSK encoding, a first 
set of four symmetrically positioned pairs of subchan- 
nels is used to encode two bits of information on each 



subchannel. A second set of four symmetrically posi- 
tioned pairs of subchannels is used to encode only one 
bit of information on each subchannel, with the resultant 
phasor for each pair of the second set of pairs of 
subchannels being orthogonal to the resultant phasor 
for one of the pairs of the first set of subchannels. With 
this arrangement, the crest factor is reduced. 
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